Introduction
Spore formation in the soil bacterium Bacillus subtilis takes place in a sporangium consisting of two cellular compartments known as the forespore and the mother cell (Losick et al., 1986; Piggot and Coote, 1976) . The compartments are generated by the formation of an asymmetrically positioned (polar) septum that partitions the sporangium into the small (forespore) and large (mother cell) compartments. Initially, the compartments lie side by side, but later in development the forespore becomes engulfed by, and is eventually wholly pinched off within, the mother cell to create a cell within a cell. At both morphological stages, gene expression is regulated differentially between the compartments, with certain genes being expressed selectively in the forespore and others in the mother cell. This differential gene expression is controlled in two phases by the action of four principal compartmentspecific transcription factors (Errington, 1993; Losick and Stragier, 1992) . These are the RNA polymerase o factors eF, eE, dG, and oK. In the early phase, when the sporangial compartments lie side by side, gene transcription in the forespore and the mother cell is governed by oF and crE, respectively. Later in development, when the forespore has been engulfed by the mother cell, oG and eK become the principal determinants of gene transcription in theforespore and the mother cell, respectively. Thus, as morphogenesis progresses the compartments follow two parallel but dissimilar lines of gene expression, involving the successive action of oF and dG in the forespore and dE and dK in the mother cell. Although each compartment follows its own program of cellular differentiation, the forespore and mother cell lines of gene transcription do not proceed wholly independently of one another. Rather, gene transcription in the mother cell is tied to events in the forespore by two different signal transduction pathways operating at late (Cutting et al., 1990) and early (Karow et al., 1995; LondoAo-Vallejo and Stragier, 1995; Losick and Stragier, 1992; Margolis et al., 1991) stages of morphogenesis.
The late-stage pathway involves the coupling of the appearance of qK in the mother cell totheactionofoGin theforespore (Cuttingetal., 1990 ). This coupling is mediated at the level of the conversion of an inactive proprotein form of eK (pro-#) to the mature form of the transcription factor (Cutting et al., 1990; Kroos et al., 1989; Lu et al., 1990) .
The early-stage pathway, and the subject of the present communication,
involves the appearance of the mother cell transcription factor dE, which like crK is derived by proteolytic cleavage from an inactive proprotein (pro-oE; LaBell et al., 1987) bearing an NH&erminal extension of 27 amino acids (Miyao et al., 1993) . Pro& is encoded by the promoter-distal member (spo//GB) of the two-cistron spa//G operon (Stragier et al., 1984; Trempyet al., 1985a ), the upstream member of which (spa//GA) is inferred to encode the pro-&processing enzyme (SpollGA) (Jonas et al., 1988; Stragier et al., 1988) . SpollGA is an integral membrane protein (Peters and Haldenwang, 1991; Stragier et al., 1988) and its amino acid sequence exhibits limited similarity to certain proteases (Masuda et al., 1988; Stragier et al., 1988) . Additional evidence that SpollGA is the pro-crE-processing enzyme comes from the recent isolation of an allele of spa//GA that suppresses processing-negative mutations in the pro-oE gene (Peters and Haldenwang, 1994) . Synthesis of pro-GE and SpollGA commences shortly after the start of sporulation in the predivisional sporangium (that is, prior to the formation of the polar septum). Nonetheless, proprotein processing does not take place until afterseptation (Beall and Lutkenhaus, 1991; Stragier et al., 1988; Trempy et al., 1985b) . Because oE-directed gene transcription is restricted to the mother cell (Driks and Losick, 1991) an attractive hypothesis is that pro-GE processing is confined to the large compartment of the postseptation sporangium, although this has not been experimentally verified (see Discussion). In addition to the putative protease SpollGA, pro-# processing is known to require the product of a recently discovered gene called spol/R (or csrx) under the control of oF (Karow et al., 1995; LondoAo-Vallejo and Stragier, 1995 ible promoter have further shown that spa//R is the only oFcontrolled gene whose product is needed for SpollGAmediated proteolysis of pro-oE (LondoAo-Vallejo and Stragier, 1995) . The presence of a putative signal sequence at the NHn-terminus of SpollR (Karow et al., 1995) is consistent with the idea that SpollR is secreted from across the forespore membrane, where it could interact with and activate SpollGA in the mother cell membrane. Thus, this early-stage pathway is believed to consist of four components: oF, SpollR (the putative signal or the signalgenerating protein), SpollGA (the inferred protease), and pro6.
Here we present biochemical evidence indicating that SpollR is an extracellular signaling protein that triggers SpollGA-mediated processing of pro-oE. We show that a spa//R-dependent factor (presumably SpollR itself) present in conditioned medium from a culture of 6. subtiliscells that have been engineered to produce oF during growth is capable of triggering processing in protoplasts derived from B. subtilis cells engineered to produce pro-@ and SpollGA during growth. We also show that SpollR produced in Escherichia coli is sufficient to trigger processing in protoplasts as well as in living B. subtilis cells that have been engineered to produce SpollGA and pro-oE during growth. These findings are consistent with the idea that SpollR triggers processing by acting at the outside surface of the membrane. We suggest that SpollGA is a receptor/ protease that interacts with SpollR on the outside surface of the mother cell membrane, thereby transducing a signal that activates its cytoplasmic protease domain.
Results

Assay for a Factor Promoting
Prod Processing in Protoplasts The starting point for our investigation was the observation of Shazand et al. (1995) that pro-oE is converted to mature oE in B. subtilis cells engineered to express both the spollAC gene, which encodes oF, and the spollG operon, which encodes pro-oE and its putative processing enzyme SpollGA, during vegetative growth. We reasoned that if processing is governed by an intercellular pathway, then in the cells of Shazand et al. (1995) , oF was directing the synthesis of a protein that was secreted across the cytoplasmic membrane, allowing the secreted protein to interact with and activate SpollGA from outside the cytoplasmic membrane. To investigate this possibility, we devised an assay for processing involving two kinds of genetically engineered B. subtilis cells: donor cells, which were engineered to produce oF in response to the lactose repressor inducer IPTG, and recipient cells, which were engineered to produce pro-oE and SpollGA, also in response to IPTG. To maximize responsiveness to the secreted protein from the donor cells, we treated the recipient cells with lysozyme to remove their cell wall. The figure shows a Western blot of protein from recipient protoplasts of strain AH1 7 after incubation at 37% for the indicated times with conditioned medium from cultures of the donor strain AH18 that had (A and B) or had not (C) been induced for 19 synthesis during growth. Proteins were subjected to SDS-PAGE, and Western blot analysis was carried out with either a monoclonal antibody that binds to both pro-oEand oE(A)oraffinity-purified anti-peptide antibody (B and C), as described in Experimental Procedures.
A control Western blot analysis with the monoclonal antibody (data not shown) demonstrated that pro-r9 couid be detected in protein from the experiment in (C). RNApolymerase (lanes a and c) and an extract of 6. subtilis cells engineered to produce pro-oE during growth (lanes b and d) that were subjected to SDS-PAGE and analyzed with either a monoclonal antibody that binds to both pro& and cE (lanes a and b) or an affinity-purified anti-peptide antibody (lanes c and d Figure  Id ). Also, no conversion was observed in protoplasts from pro-GE-and SpollGA-producing cells that were incubated with buffer ratherthan with conditioned medium (data not shown) or with conditioned medium from donor cells that had not been treated with IPTG (see Figure  2C ; data not shown).
To investigate more stringently the nature of the oE-like species generated in the recipient protoplasts, we attempted to raise antibodies that would recognize mature cE but not pro-GE.
To The figure is a Western blot analysis of pro-oE processing in protoplasts (A) and intact cells (6) The results show that extensive processing occurred in both the protoplasts ( Figure  5A ) and the whole cells ( Figure  5B ), although processing in the intact whole cells commenced about 10 min later than in the proto- et al., 1990 , 1991 Lu et al., 1990; Riccaet al., 1992 the membrane-bound precursor is cleaved to generate a soluble NHn-terminal fragment of 66 kDa that translocates to the nucleus, where it activates transcription. Both the NF-KB subunit ~50 and SREBP-1 are generated from conspicuously larger proprotein precursors. Perhaps additional examples of proprotein transcription factors exist that have so far escaped detection because, like oE and oK, they are derived from precursors that are only slightly larger than the mature factor. If so, then the control of gene expression through signal transduction pathways operating at the level of proteolytic activation of transcription factors could be more prevalent than has so far been anticipated.
Experimental Procedures
Plasmids and Strains The expression vectors pDG178 and pDG150 (Stragier et al., 1988 ) contain the entire spa//G operon and the .spollGB gene alone, respectively, downstream of the IPTG-inducible spat promoter (Yansura and Henner, 1984) . The recipient strain AH1 7 used in the pro-oEprocessing assay was created by introducing pDG178 into the B. subtilis strain GP283. The control strain AH16 was created by introducing pDG150 into GP283. GP283 (a gift of J. Pero of OmniGene)
is auxotrophic for methionine and carries deletion mutations in the protease genes apr, nprf, &p-l, epr, bpr, mpr, and vpr, in addition to a deletion in the regulatory gene hpr and an amyE mutation. The donor strain AH18, a derivative of B. subtilis PY79 (Youngman et al., 1984) , carries spo///Gd 7 ( Karmazyn-Campelli et al., 1989 ) and a fusion of spol/AC to the spat promoter (Schmidt et al., 1990) . Strain AH14 is a derivative of AH18 that in addition contains spo//Rd::kan (Londofio-Vallejo and Stragier, 1995) .
Amplification of spa//R from genomic DNA of B. subtilis PY79 was achieved by polymerase chain reaction (PCR) (Saiki et al., 1988 ) using oligonucleotide primers complementary to the 5' and 3' untranslated regions of spa//R (synthesized by Bio-Synthesis) and Vent polymerase (New England Biolabs). Single deoxyadenosine nucleotides were added to the 3' ends of the PCR product prior to cloning into pCRll (Invitrogen) by incubation with Taq polymerase (Promega) at 72°C for 10 min. pAH1 was a derivative of pCRll that carried spa//R inserted downstream of the T7 promoter. AH9, the expression strain for spol/R under control of the T7 promoter, was created by transforming pAH1 into E. coli BL'21(DE3) (Studier and Moffatt, 1986) . The control strain AH1 1 was created by introducing the pCRll vector into BL21(DE3).
General Methods Genomic DNA of 8. subtilis was isolated as described by Cutting and Vander Horn (1990) . Plasmid preparations from E. coli were performed according to Birnboim and Doly (1979) and Ish-Horowitz and Burke (1981) . Competent cells of B. subtilis were prepared and transformed by the method described by Dubnau and Davidoff-Abelson (1971) . Competent cells of E. coli were prepared and transformed according to Sambrook et al. (1989) .
Recipient
Cells and Protoplasts The recipient cells of strain AH1 7 (and of the control strain AH18) were grown at 37OC in 25 ml of LB medium supplemented with kanamycin (5 kg/ml) until the OD,, of the culture was about 0.3. At this time, SpollGA and pro& synthesis was induced with 1 mM IPTG. After 3 hr, the cells were harvested by centrifugation (4000 x g for 5 min at room temperature) and resuspended in 10 ml of SMMP medium (20 mM sodium maleate, 0.5 M sucrose, 20 mM MgClz [pH 6.51 in 2x Difco antibiotic medium numper 3). Cells were either used directly or protoplasts were prepared by addition of lysozyme (5 mglml; Sigma) and incubation at 37OC with gentle agitation. When the protoplasting efficiency was greater than 90%, as monitored by phase-contrast microscopy, the protoplasts were harvested by centrifugation and carefully resuspended in IO ml of SMMP medium. Protoplasts were either used immediately or quick-frozen in liquid nitrogen and stored at -7OOC for future use. Frozen protoplasts were thawed at 37°C. Donor Strains and Conditioned Medium Cultures of strain AH1 8 (and of strain AH1 4, which is mutant for SpO//R) were grown at 37OC in 25 ml of LB medium until the OD, had reached about 0.3, at which time oF synthesis was induced with 1 mM IPTG.
Following 3 hr of induction, the cells were harvested by centrifugation (4000 x g for 5 min at 4OC). The conditioned medium was passed through a 0.2 wrn filter and subsequently concentrated 3-to IO-fold by ultrafiltration using CentripluslO (Amicon) following the recommended operating procedure.
Synthesis
of SpollR in E. coli and Preparation of Cell Extracts The E. coli expression strain was grown at 37OC in 25 ml of LB medium with added ampicillin (100 pglml) until the ODmo of the culture was approximately 0.6. At that time, T7 RNA polymerase synthesis was induced with 1 mM IPTG. After 2 hr, the cells were harvested bycentrifugation (4000 x g for 5 min at 4OC), washed once in 50 mM 3-(NMorpholino)propanesulfonic acid (MOPS), 2 M NaCl (pH 7.0), and resuspended in 2 ml of MOPS (pH 7.0) with phenylmethylsulfonyl fluoride (20 Kg/ml; Sigma). The cell suspension was frozen once in dry ice/ ethanol and thawed in cold water. RNase A (10 ug/ml; Sigma) and DNase I(5 Kg/ml; Sigma) were added, and the cells were completely disintegrated by sonication (three 1 min bursts and 2 min of cooling at 200 W). Cell debris was removed by centrifugation (10,000 x g for 20 min at 4OC). Extracts were stored at 4OC and used within 2 days, since the pro-#-promoting activity was lost upon freezing and thawing under all conditjons tested.
Pro-GE Processing Assay Whole ceils or protoplasts of recipient cells that had been induced for synthesis of SpollGA and pro& during vegetative growth were incubated with conditioned medium from donor cells of 8. subtilis that either had or had not been induced for oF synthesis during vegetative growth or with cell extracts of E. coli induced for SpollR synthesis. Recipient cells or protoplasts were routinely mixed with conditioned medium from donor cells or cell extracts of E. coli in a ratio of 1:3. After incubation at 37OC for 60 min or at different times of incubation, pro-oE processing was terminated and the bacteria were lysed by addition of SDS gel loading buffer and subsequent heating to 100°C for 5 min. The proteins were separated by SDS-PAGE on 12% polyacrylamide gels and transferred to polyvinylidene fluoride membranes (lmmobilon-P; Millipore) for subsequent immunological detection (see below). Gels were calibrated with prestained high range molecularweight standards (GIBCO BRL).
Antibodies and Western
Blot Analysis A monoclonal anti+ antibody that binds to both pro& and oE (Trempy et al., 1985b) was obtained from W. Haldenwang (UniversityofTexas).
An antibody directed specifically against mature oE was produced by immunizing rabbits with a synthetic peptide, YIGGSE (synthesized by Chiron Mimotopes), corresponding to amino acids 28-33 of pro-@. The peptide was covalently coupled to diphtheria toxoid via a cysteine residue added to its COOH-terminus.
The peptide-carrier conjugate was then injected into rabbits, at 100 nmol of peptide per injection, on day 1 using Freund's complete adjuvant and on day 14 using Freund's incompleteadjuvant.Theobtainedanti-peptideserum wasaffinitypurified with the peptide bound to a thiopropyl-Sepharose 66 column. Western blot analysis was performed with anti-mouse immunoglobulin G (H plus L) or anti-rabbit immunoglobulin G (Fc) alkaline phosphatase-conjugated antibodies using the ProtoBlot nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate color development system (Promega).
Partial Purification of SpollR from E. coli Extracts of E. coli cells that had been induced for SpollR synthesis (see above) were subjected to ultracentrifugation (100,000 x g for 60 min at 4"C), and the supernatant thus obtained was applied to a Resource Q anion exchange column (6 ml; Pharmacia) equilibrated with 50 mM MOPS (pH 7.0) (buffer A). After washing with 10 bed volumes of buffer A, protein was eluted with a 75 ml linear gradient of O-O.5 M NaCl in buffer A. Fractions containing pro& processingpromoting activity (0.37-0.43 M NaCI, 10 ml) were combined and gently stirred while adding solid ammonium sulfate to a final concentration of 3.6 M. The precipitate obtained after centrifugation (10,000 x g for 20 min at 4°C) was resuspended in 0.8 ml of buffer A, dialyzed twice against 1 I of buffer A for 1 hr, and subsequently chromatographed on a Superdex 75 gel filtration column (HiLoad 16/60 prep grade; Pharmacia)equilibratedwith buffer Acontaining 150 mM NaCLActivity eluted in a volume of 4 ml and was concentrated lo-fold by ultrafiltration using Centriplus 30 (Amicon) before the rechromatography of Fig.  ure 
